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Background: The detection of predator chemical cues is an important antipredatory behaviour as it allows an early
assessment of predation risk without encountering the predator and therefore increases survival. For instance, since
chemical cues are often by-products of metabolism, olfaction may gather information not only on the identity but
also about the diet of predators in the vicinity. Knowledge of the role of olfaction in the interactions of birds with
their environment, in contexts as important as predator avoidance, is still scarce. We conducted two two-choice
experiments to explore 1) whether the house finch Carpodacus mexicanus can detect the chemical cues of a
marsupial predatory mammal, the common opossum (Didelphis marsupialis), and 2) whether its response to such
cues is influenced by the recent diet of this omnivorous predator, as this would increase the accuracy with which
the risk of predation is assessed.
Results: House finches avoided the area of the apparatus containing the scent of the predator, and this effect did
not depend on the recent diet (bait used to lace the traps) of the predator.
Conclusions: Our results provide clear evidence that house finches detect and use the chemical cues of predators
to assess the level of predation risk of an area and avoid it.
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The avoidance of predation is a ubiquitous challenge for
most animals, which has prompted the evolution of de-
fence mechanisms, such as the ability to ascertain the
presence of predators (Lima and Dill 1990). One means
of detecting predators without increasing the risk of be-
ing perceived by them is to recognise their scent (Kats
and Dill 1998). However, the use of chemical cues from
predators can also lead to an overestimation of risk if
the animal continues to avoid the area containing those
cues when the predator is no longer present or is not
willing to perform an attack (Kats and Dill 1998; Smith
and Belk 2001). Therefore, according to the threat sensi-
tive hypothesis (Helfman 1989), natural selection should* Correspondence: luisa.amo@mncn.csic.es
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in any medium, provided the original work is pfavour individuals that display antipredatory responses
with an intensity that matches the current risk of preda-
tion rather than respond to all predator chemical cues in
a similar way. Chemical cues from predators may not
only signal the presence of a predator but also provide
useful information for the prey such as the diet of the
predator. This may be especially important for prey of
omnivorous predators, which may temporarily specialise
in feeding on different food sources as a consequence of
availability or be individually specialised in hunting par-
ticular types of prey or eating certain types of food re-
gardless of their availability (Cantor et al. 2013). For
example, individual variation in resource use by opos-
sums (Didelphis albiventris) leads to differences in the
type of fruit consumed and causes asymmetries in seed
dispersal efficiency within the population (Cantor et al.
2013). The ability to discriminate predator diet using ol-
faction may allow the prey to evaluate the level of risk
posed by the predator, thus performing an adequate butOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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revealed by studies showing that some prey species can
distinguish between chemical cues from predators fed
with different diets (e.g. Kiesecker et al. 2002; Vilhunen
and Hirvonen 2003).
Although the use of chemical cues in predator recog-
nition has been documented in a number of taxa (review
in Kats and Dill 1998), the evidence in birds is both
scant and conflicting. The first study that showed a clear
antipredatory response to predator scent was performed
with blue tits Cyanistes caeruleus in a reproductive con-
text. Birds delayed their entry to the nest-box for longer
when it contained predator scent than when a control
scent was placed inside the nest-box. In addition, birds
decreased the time spent inside the predator-scented
nest-box when feeding nestlings (Amo et al. 2008). Roth
et al. (2008) showed an avoidance response in house
finches Carpodacus mexicanus exposed to predator and
non-predatory mammal scent in a foraging context. The
ability to detect predator scent seems to be innate in
great tits Parus major (Amo et al. 2011a). Also, adult
fowl Gallus gallus naïve to predator scent spent less
time foraging and were more vigilant when exposed to
predator than when exposed to non-predator faecal
odour (Zidar and Løvlie 2012). Recently, it has been
shown that fewer ducks nested in places marked with
red fox (Vulpes vulpes) urine than in control places
(Eichholz et al. 2012). However, other studies have not
found a measurable response of birds to predator scent
(Godard et al. 2007; Johnson et al. 2011). Therefore, it
is clearly necessary to increase the knowledge about the
ability of bird species to recognise chemical cues of
predators and their capability to obtain information
about the predator diet in order to accurately assess the
risk of predation.
Olfaction was the largely neglected sense of birds.
However, recent evidence suggest that, besides assessing
predator chemical cues, birds use olfaction in several
other contexts, from foraging (e.g. Nevitt 2011, Amo
et al. 2013a, b) to social interactions including discrimin-
ation of species (Zhang et al. 2013, Krause et al. 2014),
sex (Whittaker et al. 2011, Amo et al. 2012a) and even
the relative quality/condition of individuals (Amo et al.
2012b). The importance of olfaction has been demonstrated
amongst others in different species of Procelariiformes (e.g.
Nevitt 2011, Bonadonnna and Nevitt Bonadonna and
Nevitt 2004), Galliformes (Hirao et al. 2009), Spheniformes
(Amo et al. 2013a) and Passeriformes (Whittaker et al.
2011, Amo et al. 2013b).
Here we explored the role of chemical cues of preda-
tors on the antipredatory behaviour of the house finch,
C. mexicanus. In a previous study, Roth et al. (2008)
could not disentangle whether house finches avoided the
scent of a predator (house cat; Felis catus) because theywere evading food contaminated with faeces or because
they were reluctant to enter a risky area, given that the
birds in their experiment also avoided the faeces of a non-
predatory mammal (the laboratory rabbit [Oryctolagus
cunniculus]; Roth et al. 2008). Here we tested in a first ex-
periment whether birds can detect the chemical cues of a
marsupial predator. We offered birds the choice between
a scented area and an unscented area. The scented area
could have the scent of a predator or a novel scent (co-
logne). This design allows us to ascertain whether the
avoidance response of birds is due to the aversion of a
risky area containing predator chemical cues, and not to
the avoidance of a novel scent (cologne). In a second ex-
periment, we tested whether birds are able to discrimin-
ate the recent diet of an omnivorous predator to
accurately assess the level of predation risk. Similar to
previous studies (Amo et al. 2008), we hypothesised that
birds may avoid the chemical cues of a predator. We
also predicted that birds would react differently to
scents of predators that have recently fed on birds than
to those that have fed on fish.
Methods
Study species
The house finch is a small socially monogamous and
sexually dichromatic passerine that breeds in both cav-
ities and open nests (Thompson 1960). This species has
been used as a model to study carotenoid-based plum-
age coloration, that is an honest signal of quality in
males, and that it is selected for by females (Hill 1990,
1991). Previous evidence shows that this species is also
able to use olfaction in a social context (Amo et al.
2012b), and also possibly in predator detection in a for-
aging context (Roth et al. 2008; see above).
We used 35 adult house finches (28 males and 7 fe-
males) captured at San Luis Potosí State, México, in Feb-
ruary 2009 by professional bird catchers authorised by
Secretaría del Medio Ambiente y Recursos Naturales
(SEMARNAT), and taken to the Instituto de Ecología,
Universidad Nacional Autónoma de México (UNAM;
México City), where they were housed individually in
cages (33 × 27 cm and 31 cm high) inside a roofed out-
door aviary at ambient temperature and under a natural
photoperiod (see Amo et al. 2012b). Birds, which were
ringed to allow individual identification, received a con-
stant supply of commercial mixture of seeds for graniv-
orous birds, and water ad libitum. The experiments
were performed after 2 months of acclimatisation. Birds
were healthy during the tests and did not exhibit signs
of stress from the manipulation. As soon as birds
returned to their cages, they resumed their habitual be-
haviour. After the experiment, the birds were placed in
large aviaries for 2 weeks before being released at their
capture location at the beginning of May (see Amo et al.
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3 months.
To obtain predator scent, we used the urine of the
common opossum Didelphis marsupialis. Opposums are
regular mesocarnivore predators of bird nests (Staller
et al. 2005, Lumpkin et al. 2012, Melville et al. 2014) and
they even prey on poultry (Amador-Alcala et al. 2013),
although they also eat fruits, invertebrates and other
small vertebrates (Eisenberg 1989). The common opos-
sum is sympatric with house finches in the area where
birds were captured (Eisenberg 1989). Since this is an
omnivore predator, we were also able to evaluate the ef-
fect of recent predator diet on the responses of birds to
its scent. Opossums were captured with Tomahawk
traps baited either with chicken or with fish. Traps were
set at the sunset (19:30) and checked at the sunrise
(7:30) in the buffer areas of the Pedregal de San Angel
Ecological Reserve that surround the Instituto de Ecolo-
gía, UNAM. In this natural area, opossums can have a
natural diet. Urine from the opossums impregnated the
sheets of absorbent paper placed under the traps. We
caught four different opossums, two in the chicken-
baited and two in the fish-baited traps, and all had con-
sumed the bait by sunrise, when we checked the traps
and released them. The four opossums appeared healthy
and did not look stressed upon release. From each opos-
sum captured, we obtained two papers soiled with the
scent. For the opossums fed with chicken bait, one paper
was used in the first experiment, and the other paper
was used in the second experiment. Absorbent papers
soiled by the opossums were collected with gloves and
frozen at −20°C until being used in the experiments.
During trials, each paper containing the predator scent
was used for less than 2 h.
Experimental design
The experiments were carried out in April 2009 using an
olfactometry device described in Amo et al. 2012b (see
Figure 1). The device and the methodology have been suc-
cessfully used in assessing the olfactory ability of birds of
several species (Amo et al. 2012a, b), including houseFigure 1 Representation of the olfactometry chamber. Arrows indicatefinches (Amo et al. 2012b). Each bird was introduced in a
small central plastic box that contained a fan that drew
the air from the device (Figure 1). The device was only
opened at the furthest walls of the choice chambers, where
the scent stimuli where located, to allow airflow. The fan
created a constant airflow through each of the scents and
into the central chamber, so the focal bird received two
separate draughts, each with the corresponding scent, for
a 5-min period. Then the lateral doors of the central
chamber were simultaneously opened giving the bird ac-
cess to the two choice chambers. Each choice chamber
was divided with screens into two sectors (Figure 1). In
the further sectors of the choice chambers, there were sit-
uated the corresponding scents. Both the doors between
the central and the choice chambers and the screens creat-
ing the sectors were made of a dense plastic mesh that
allowed airflow but prevented the birds from seeing
through them. The room in which the experiment was
performed was in darkness - but very dim diffuse light
allowed the observer to distinguish the silhouette of the
experimental bird - and in complete silence, so the experi-
menter could perceive any noise coming from the device.
The side of the chamber where the stimuli were presented
was balanced amongst trials. Treatments were randomly
assigned to birds.
We recorded as chosen the chamber into which the
focal bird first entered after we remotely opened the
doors. Movement could not be followed visually with
any certainty in the experimental conditions, thus the
bird’s choice was determined by hearing the movement
of the bird inside the chamber, and it was confirmed be-
cause as soon as the bird chose a chamber, the experi-
menter captured it inside this chamber. The validity of
first choice as a measure of the interest of birds, includ-
ing this species, in particular chemical stimuli has been
previously demonstrated (e.g. Bonadonna and Nevitt
2004; Bonadonna et al. 2006; Amo et al. 2012a, b, Krause
et al. 2014). To minimise the length of the trials, if the
test bird did not leave the central chamber after 1 min,
we gently knocked on the middle of the entry door of
the central chamber to prompt it to move to one of theairflow.
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knocking at the door, all birds were oriented towards the
chamber they subsequently entered. The knocking on
the door did not affect the preference of birds in previ-
ous studies with the same species and apparatus (Amo
et al. 2012b), or in other tested species (Amo et al.
2012a). The device was carefully cleaned with commer-
cial antibacterial, neutral pH soap, and allowed to air dry
between trials.
Most birds were only used once in one of the two ex-
periments, but five male birds were used in both experi-
ments; in these cases, they were used only once in a day
and were never tested on consecutive days. In order to
prevent an avoidance response to the olfactometry de-
vice due to both choice chambers containing predator
scent in experiment 2, the five birds that were tested in
the two experiments were tested first with the protocol
of the experiment 1 and then with the protocol of ex-
periment 2. As soon as the trial was over, birds were
returned to their cages where they resumed their normal
behaviour. The experiment was performed under licence
of Secretaría del Medio Ambiente y Recursos Naturales.
Experiment 1: detection of chemical cues of a marsupial
nest predator
We used 20 birds (13 males and 7 females) to test whether
they detect and avoid the chemical cues of a non Carniv-
ora predator. We compared the choice of birds when one
of the chambers contained predator scent and the other
chamber was odourless. In order to control for the pres-
ence of a novel scent, we included a treatment to compare
the choice of birds when one of the chambers contained a
novel scent and the other chamber had no odour added.
In this treatment, we used commercial cologne as a source
of a novel scent. The scents were provided by placing an
absorbent paper with the correspondent scent (predator
(opossum) or novel scent (cologne) in the experimental
chamber. The control chamber contained a paper impreg-
nated with water (odourless control). In half of the trials
(n = 10), the experimental chamber contained the predator
scent (n = 2 opossums); in the rest of the trials (n = 10), it
contained a paper impregnated with a novel scent (co-
logne Revlon™, naté naturals red fruits, Revlon, New York
City, USA). The order of treatments as well as the location
of the scents was balanced between trials.
Experiment 2: detection of the recent diet of an
omnivorous predator
We used 20 male birds to examine whether they reacted
differently to the scent of opossums that were recently
fed with different diets. In one of the chambers, we
placed a paper soiled with the scent of an opossum that
consumed chicken bait (n = 2 opossums) and in the
other a paper soiled with urine of an opossum that atethe fish bait (n = 2 opossums). The location of stimuli
was balanced between trials.
Data analysis
We used the software package R 2.12.0 to build general-
ised linear models with binomial errors and a logit link
function (GLM) to analyse whether
1. the treatment (predator chemical cues vs. novel
scent) had an effect on the decision of the bird to
enter to the experimental chamber (containing the
treatment) or the other chamber (control).
2. the most recent meal of the predator - fish or
chicken - had an effect on the choice of chamber by
the experimental birds.
We did not include the side of the chamber where the
treatment was located (left vs. right) as a factor in the
analysis because a preliminary analysis indicated that
this did not contribute significantly to the models. In all
trials, we had to knock on the door of the olfactometry
device to stimulate birds to choose one of the chambers;
therefore, this variable was not included in the models.
Results
Detection of chemical cues of a nest predator
The scent of the experimental chamber determined
whether birds avoid it or not (Z = −2.13, p = 0.03; Figure 2),
as most birds avoided the experimental chamber, when it
contained opossum scent (8/10), but not when it con-
tained a novel scent (3/10).
Detection of the recent diet of an omnivorous predator
Similar numbers of birds chose the chamber containing
the scent of a fish-fed predator (9/20) and the side
scented by a chicken-fed predator (11/20) (Z = −0.45,
p = 0.66).
Discussion
Our results show for the first time that birds avoid the
scent of a marsupial predator, an avoidance behaviour
that also been reported in this (Roth et al. 2008) and
other bird species (e.g. Amo et al. 2008, 2011a) but in re-
sponse to the scent of predators of the order Carnivora
(e.g. Mustelidae, Amo et al. 2008, 2011a; Felidae, Roth
et al. 2008). Therefore, house finches seem to respond
to the scent of predators of the Order Carnivora and
Marsupial. However, they also avoid the scent of other
non-predatory mammals (i.e. the European rabbit; Roth
et al. 2008). When foraging, the avoidance of animals
other than predators may reduce the possibility of ag-
gressions due to competition for food. Another possibil-
ity is that birds in the Roth et al. (2008) experiment were
avoiding food that was contaminated with faeces. What
Figure 2 Number of house finches that chose the control side
or experimental side of the chamber. Number of house finches
that chose the control side of the chamber (odourless, white bars)
or the experimental side (black bars) in relation to the treatment
(predator vs. novel scent). In the ‘predator’ treatment, the chamber
contained the scent of an omnivorous predator, the common
opossum. In the ‘novel scent’ treatment, the experimental side
contained red-fruit scented cologne.
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C. mexicanus have in common to elicit and avoidance
response? Different sources of predator scents have been
used to elicit avoidance responses in prey (see Apfelbach
et al. 2005 for a review in mammals). In birds, for ex-
ample, Roth et al. (2008) used faeces of cats, Amo et al.
(2008, 2011a, b) used urine and gland secretions of fer-
rets and here we used the urine of common opossums.
In all cases, meat digestion may produce sulphurous
metabolites in the urine or faeces that may be respon-
sible for the repellent effects of predator odours on
potential prey (Apfelbach et al. 2005). However, other
non-sulphurous compounds present in the scent of
predators, such as the ο-aminoacetophenone found in
the gland secretions of ferrets (Zhang et al. 2005), are
known to be avoided by prey (e.g. Nolte et al. 1993;
Zhang et al. 2007) and are even used traditionally as re-
pellents of different species, including birds (e.g. Clark
and Shah 1991).
We did not find an effect of the recent diet of
the predator on the response of birds, although the abil-
ity to react to the recent diet of the predator has been
shown in gastropods (Crowl and Covich 1990), insects
(Chivers et al. 1996; Wisenden et al. 1997), arachnids
(Persons et al. 2001), fishes (Brown and Dreier 2002;
Vilhunen and Hirvonen 2003) and amphibians (Wilsonand Lefcort 1993; Murray and Jenkins 1999; Kiesecker
et al. 2002). In these studies, prey exposed to chemical
cues from predators fed with conspecific prey displayed
greater antipredatory responses than when confronted to
chemical cues from predators fed with heterospecific
prey. The mechanism underlying the discrimination of
chemical cues of predators fed on different diets is not
yet known. In some cases, the alarm cues released by
conspecifics when consumed by predators seem to play
a role in such discrimination (e.g. Kiesecker et al. 2002),
but in other cases, a prey seems able to discriminate the
chemical cues of predators alone, without the presence
of alarm cues of conspecifics (Murray and Jenkins
1999). In such discrimination, sulphurous odours asso-
ciated with meat digestion play a role in the repellence
of predator urines to potential prey (Nolte et al. 1994).
In our case, as both types of bait contain animal pro-
teins, sulphur-containing compounds may not differ
sufficiently to allow the birds to discriminate between
the different scents offered. Additional chemical ana-
lysis of predator scents may clarify whether urine-borne
sulphur-containing compounds differed between samples
from opossums fed different (vertebrate meat) diets.
Further research is also needed to determine whether
birds can discriminate between bird-eater, fish-eater
and mostly vegetarian predators, and whether sulphur-
containing compounds play a role in such discrimin-
ation, as has been previously observed in mammalian
prey (Nolte et al. 1994).
Recent predator-diet discrimination may be advanta-
geous to prey species whenever the predators are either
stenophagic specialist species or have become specialised
through learning (i.e. search image; Punzalan et al. 2005;
Fraser et al. 2013; optimal foraging on most common prey,
Marples et al. 2005). Since we exposed C. mexicanus to
the scent of an omnivore generalist predator, which is
likely to prey opportunistically on any prey that becomes
available, it may be that the adaptive response to this
predator is to ignore its recent diet, even if it was possible
for house finches to detect it. This, however, was not
guaranteed by our protocol, since the clearance of food
through the digestive tract of the opossums may take
longer than the few hours they spent in the traps. Fur-
ther analysis using stable isotopes is needed to assess
the time window in which volatile compounds of the
prey are excreted by predators. Nevertheless, bird avoid-
ance response of the predator scent is not modified by
the recent diet as birds clearly avoided the scent of an
opossum fed with chicken in the first experiment, and
later in the second experiment, their response of birds
to the scent of an opossum fed with fish bait did not
differ from that of an opossum fed with chicken. There-
fore, house finches exhibited predator avoidance behav-
iour to both scents.
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cially important in bird species that during part of their
life use habitats in which cues from predators in other
modalities, such as visual or auditory, are limited or un-
available. This may happen during the night or in nest
cavities (Amo et al. 2008) with scarce visibility. Under
these circumstances, chemical cues of nocturnal/cre-
puscular predators such as the common opossum may
provide opportune warning to roosting/nesting birds.
For example, great tits P. major prefer to sleep outside
any nest box when one of the two offered nest boxes
contained predator scent (Amo et al. 2011a). This antipre-
datory strategy may be especially important as the ability
to discriminate between the scents of predatory and non-
predatory mammals seems to be impaired during the
sleeping period, at least in this species (Amo et al. 2011b).
Our results also suggest that house finches may use
chemical cues in a foraging context, as most birds pre-
ferred the side of chamber containing a red fruit scent
over the water-soiled control. This is an artificial scent,
and birds are known to exhibit aversive responses to un-
known odours (Jones, Facchin and McCorquodale Jones
et al. 2002; reviewed in Roper 1999). However, birds did
not avoid the red fruit scent, but rather most of them ac-
tually chose it (7/10). This suggests a preference for this
potentially food-related scent. Although our study was
not designed to explore the role of olfaction in foraging,
and even though we used an artificial scent, this result
suggests that olfaction may help birds to detect ripe
fruits. In this species, females preferentially mate with
males displaying large, bright patches of red feathers
(reviewed in Hill, 2002). Red colour in this (and most
animal) species comes from carotenoids obtained from
the diet; thus, there is a premium in finding rich sources
of carotenoids (Hill, 2002) such as red fruits. Assuming
that the odour of the cologne resembles that of red fruit,
we suggest that olfaction, together with visual cues, may
help birds to discriminate the ripe fruits rich in caroten-
oids (e.g. Marinova and Ribarova, 2007). This contrasts
with the report by Giraudeau et al. (2012), who did not
find an effect of the addition of β-ionone, a compound
common in fruits containing carotenoids, on the prefer-
ences of seeds by house finches. Their negative results
need not imply that house finches do not use chemical
cues when foraging on fruits. This is because they 1)
may respond to other compounds (or mixtures of com-
pounds) released by carotenoid-rich fruits, different
from β-ionone. Additionally, 2) the scent of sunflower
oil used as a control by Giraudeau et al. (2012) may con-
found their results, since house finches include Compo-
sitae seeds in their diet, and many species of Compositae
would share chemicals (including sunflower oil). The use
of olfaction for foraging has been demonstrated in Pro-
cellariiformes (Nevitt et al. 1995) and penguins (Wrightet al. 2011; Amo et al. 2013a) that use the dimethyl
sulphide for locating the krill concentrations which they
feed on (Nevitt 2011). Indeed, to use chemical cues for
foraging seems to be an ancestral trait in birds (e.g.
Kiwis, Wenzel 1968, 1971; Cathartes vultures, Gomez
et al. 1994; Graves 1992; Stager 1964), and it persists in
several modern lineages (e.g. zebra finches, Kelly and
Marples 2004; chickens Marples and Roper 1996; great
tits Amo et al. 2013b). Our results point out the need to
conduct further experiments with natural fruits to
examine whether olfaction plays a role in fruit ripening
detection.
Conclusions
In sum, our results add to the small but growing pool of
evidence indicating that birds can and do use olfaction
in predator detection. Further research should evaluate
how widespread the use of olfaction is amongst birds, in
what other ecological contexts it is used and how it in-
teracts with information in other modalities.
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